may not be mutually exclusive. For example, fast Ca 2+ -dependent replenishment during high-frequency stimulation could generate both facilitation and asynchronous release by filling the vesicular pools. If Syt7 is important for spike-to-spike transmission at the calyx of Held, an auditory behavioral phenotype would be expected. Careful behavioral analysis of the Syt7 knockout mice will be needed to reveal this phenotype. Finally, we need to find out whether the present findings generalize to other fast synapses. For example, it would be interesting to examine the functional contribution of Syt7 at the output synapses of parvalbumin + GABAergic interneurons, another rapidly signaling synapse in which Syt 7 may play a role (Kerr et al., 2008) . In any case, we are making progress in our understanding of how the different synaptotagmin isoforms shape the efficacy and timing of transmitter release at central mammalian synapses.
Acetylcholine is a major modulator of learning and memory, and its availability varies across the sleep-wake cycle. In this issue of Neuron, Papouin et al. (2017) describe a D-serine-dependent pathway involving astroglia by which the transmitter tunes the hippocampus toward memory encoding during wakefulness.
Continuous behavioral adaptation to the situation at hand is of the utmost importance for survival. All animals continuously adapt their behavior to the circadian rest and activity cycles. Likewise, during wakefulness, different situational demands require changing levels of alertness and flexible ways of stimulus processing. And even within sleep, we recognize different states, which might represent different modes of information processing. We will not be able to comprehend the mechanisms of cognition without a detailed understanding of how and why the brain implements these different states. It has long been known that a number of neuromodulatory systems are able to influence many aspects of cognition, such as attention and arousal, learning and memory, and our state of consciousness. Acetylcholine (ACh) is one of these neuromodulatory transmitters. It affects executive functions in the prefrontal cortex, such as arousal and attention; it modulates the dynamics of network-level information flow; and it is involved in memory encoding and retrieval. Overall, it seems that ACh plays a central role in the organization of information processing and storage, although we are still very far from a comprehensive understanding of cholinergic function. While the nucleus basalis of Meynert is the primary source of ACh of the neocortex, the medial septum and the diagonal band of Broca are the main cholinergic projections to the hippocampus. Cholinergic input to the hippocampus increases theta rhythm oscillations, enhances afferent input synapses, and intensifies synaptic potentiation. All of these mechanisms illustrate that a main function of ACh in the hippocampus is to strengthen memory formation, as can also be observed in behavioral experiments. Therefore, identifying the exact pathway that mediates the effect of ACh on memory seems to be fundamental in order to understand the workings of memory (Hasselmo and Sarter, 2011) .
In the present issue of Neuron, Papouin and colleagues (2017) describe a pathway involving astrocytic glia by which ACh tunes the hippocampus to the state of consciousness and to the requirements of behavior. Using a wide variety of in vitro, in vivo, and behavioral approaches, the authors provide convincing evidence that ACh modulates hippocampal NMDA receptor (NMDAR) function during wakefulness by way of astrocytic release of the NMDAR co-agonist D-serine. First, they established that D-serine levels fluctuate in hippocampal slices during normal wakefulness, enforced wakefulness, and sleep. These variations were driven by conscious state, not by time of day or endogenous circadian rhythm. Enriched environment housing, which increases activity in the animals, also promoted D-serine release. In vivo microdialysis experiments confirmed that increased D-serine levels co-occur with wake activity in freely behaving mice. Importantly, D-serine availability determined learning ability across the day in a contextual fear conditioning task. Twenty-four hour long-term, but not 1 hr short-term, retention was improved under high endogenous levels of D-serine, and intraperitoneal (i.p.) administration of D-serine enhanced memory when endogenous levels were low. D-serine can be released from both neurons and astrocytes. Papouin and colleagues demonstrate that astrocytes are the source of the activity-dependent D-serine supply that mediates NMDAR potentiation during wakefulness. Using a transgenic mouse model in which SNARE-mediated vesicular release of D-serine was inhibited selectively in astrocytes, they show that the source of the activity-dependent D-serine supply is found in the astrocytes. Furthermore, this release depends on a7 nicotinic ACh receptor (a7nAChR) activation and can be manipulated with specific a7nAChR antagonists and agonists. Optogenetic stimulation of cholinergic fibers in the medial septum and ventral diagonal band of Broca caused the release of D-serine in the hippocampus, mediated by a7nAChRs. Conversely, knocking out the Chrna7 gene, which codes for a7nAChRs, specifically in astrocytes, but not in neurons, abolished the ACh-dependent D-serine release. Altogether, these experiments conclusively show that wakestate-dependent NMDAR potentiation in the hippocampus, which is mediated by ACh-driven release of D-serine from astrocytes, can effectively modulate cognitive functions such as learning and memory.
While Papouin et al. (2017) provide exciting details on how changes in state of consciousness translate to a modulation of memory, many intriguing aspects lie-as so often-in the questions that cannot yet be answered. The most central one of these might be why this pathway has developed in the first place. The advantage of a selective increase of NMDAR sensitivity during wakefulness implies that there must also be an advantage of its complementary decrease during sleep. No definite answer can yet be given, but there are some indications from previous literature, which are essentially based upon the distinction between memory encoding and memory consolidation. While wakefulness is a period that requires immediate acquisition of new episodic information from moment to moment, sleep can provide an interval during which those memories that are chosen to persist are consolidated.
Two types of consolidation are usually identified. Synaptic consolidation stabilizes potentiation at synapses that have been tagged during previous learning, and systems consolidation reorganizes memories over larger brain networks (Kandel et al., 2014) . Whereas synaptic consolidation is usually assumed to require high levels of cholinergic activity, systems consolidation could benefit from the lower cholinergic tone during sleep. Systems consolidation requires reactivation of the neuronal networks constituting the memory, redistribution of the information to new networks, and induction of new synaptic plasticity in the target circuitry. Reactivation and redistribution require an adjustment in network dynamics, which is incompatible with new memory encoding and which can be provided through the release of cholinergic suppression of recurrent neuronal feedback synapses in the hippocampus (Newman et al., 2012) .
Apart from active consolidation of memories that are to be retained, sleep might also actively erase memories that are of no future use. To achieve this, long-term depression (LTD) must be induced instead of long-term potentiation (LTP). It has been suggested that astrocytic downregulation of D-serine release can weaken the effect of glutamatergic stimulation at the NMDAR in such a way that it is no longer able to induce LTP, but induces LTD instead (Bains and Oliet, 2007) . This would affect weak memories in particular, whereas strong memories would still be able to induce LTP, thus enhancing the contrast between to-beremembered strong memory traces and to-be-forgotten weak traces. Although this process would still require an active reactivation of those synapses that will be modified, the general principle behind this model is compatible with the proposals of Tononi and colleagues, who suggest that homeostatic downscaling of synapses and elimination of weak connections are some of the central mechanisms of memory processing during sleep (Tononi and Cirelli, 2014) .
Whereas noradrenaline activity largely mirrors the sleep-wake dichotomy and can therefore be interpreted straightforwardly to reflect arousal and attention, ACh is released in wakefulness as well as in REM sleep. Because wakefulness and REM sleep generate clearly distinct subjective cognitive experiences, it is difficult to find a suitable comprehensive label for cholinergic cognitive function. However, cholinergic enhancement of D-serine-mediated NMDAR potentiation during wakefulness might guide our understanding of its function in REM sleep. Because REM sleep occurs in a cyclic fashion after non-REM sleep, it is reasonable to assume that their functions are complementary. Such models have been proposed as two-step models of memory consolidation (O'Donnell and Sejnowski, 2014) . It can be hypothesized that low ACh release during non-REM sleep allows systems consolidation with reactivation and redistribution of memory-related information, and high ACh levels during subsequent REM sleep serve to strengthen those synaptic changes introduced during the first step (Kandel et al., 2014) . Note, however, that it has not been verified that cholinergic activity during REM sleep has indeed the same function as during wakefulness. Future studies will be able to test this hypothesis directly.
Theta EEG activity has long been described as a characteristic sign of REM sleep. Theta activity, especially in the hippocampus, is also linked to memory encoding during wakefulness. This hippocampal theta activity is generated in the medial septum and diagonal band of Broca and transmitted via cholinergic and glutamatergic fibers (Robinson et al., 2016; Vandecasteele et al., 2014) . Only recently, it was possible to causally link septohippocampal theta activity during REM sleep with successful memory consolidation (Boyce et al., 2016) . Having a clearer understanding of the transmission of the theta rhythm from the medial septum to the hippocampus will allow us also to understand how memory-related theta activity and REM sleep-related theta activity are linked.
Comparing ACh with noradrenaline or dopamine reveals that those neuromodulators not only switch between the on and off state, but they also have a tonic and a phasic firing mode. Papouin et al. (2017) have investigated cholinergic modulation of long-term potentiation at the timescale of the circadian rhythm. Whether astrocytic D-serine modulation in the hippocampus is only involved in such a slow, tonic modulation, or whether it can also mediate faster, situation-triggered ACh release, remains to be investigated. The latter would allow adaptation of NMDAR potentiation based on the demands of the learning situation. Current results leave room for the question of whether wake-dependent modulation already saturates D-serine levels also on a shorter timescale, or whether there is the potential for additional phasic modulation. More broadly speaking, it remains unanswered why D-serine modulation in the hippocampus seems to be coupled with state of consciousness rather than with situational learning demand. A highly speculative answer to this question might relate cholinergic modulation to the continuous demand of moment-to-moment encoding of the stream of consciousness into episodic memory.
Imagine Usain Bolt on the track crouched into a four-point stance and waiting for the race to begin. The starting pistol fires, and he springs forth with astonishing speed. In less than 200 ms, the sound of the gunshot is processed by his auditory system and transformed into a series of motor commands that coordinate his skeletal muscles to carry out a behavior that has been shaped by years of practice. We perform basic versions of this kind of behavior several times every day; for example, turning left in response to a GPS command and nodding in agreement during a conversation with a friend. The capacity to learn, prepare, and command movements in response to sensory information is a fundamental feature of the brain.
Motor engagement likely requires the coordinated activity of many brain regions.
What are these large-scale network dynamics that enable sensorimotor transformations? A primary challenge in addressing this question stems from the difficulty in observing large-scale network changes that accompany a tractable behavior. To address this need, three related studies in this issue of Neuron have successfully tracked large-scale neuronal activity patterns during movement acquisition,
